Novel short wavelength sources combined with lensless imaging methods such as coherent diffraction imaging (CDI) and others[@b1] paved the way for microscopy with a resolution well below the wavelength of visible light. During the last decade we have witnessed a tremendous progress in the development of coherent extreme ultraviolet (XUV) and X-ray sources and their application to high-resolution imaging[@b2][@b3][@b4]. In CDI one directly collects the diffracted light with a large area CCD detector close to the sample, i.e. with a high numerical aperture. It thus holds promise for further improving the spatial resolution down to the atomic level. Most of the diffraction imaging experiments are carried out at large-scale facilities such as free-electron lasers and synchrotron sources. Limited access to these sources is a severe bottleneck for many applications. Laser driven high harmonic generation (HHG) sources allowed successful implementation of CDI at the lab scale[@b5][@b6]. However, typical HHG sources suffer from a low conversion efficiency and thus one either needs a large laser system for single-shot performance[@b7][@b8][@b9] or relatively long exposure times[@b10][@b11][@b12][@b13], which again renders broad usage of this technology, e.g., high resolution imaging in life sciences, difficult.

As mentioned above, an important prerequisite for high-resolution microscopy is an imaging system with a high numerical aperture (NA). However, for high NA imaging the temporal coherence of the light limits the achievable resolution in addition to the spatial coherence requirement that must be fulfilled for any NA. The smallest details of the sample can be only resolved if the diffraction pattern for large diffraction angles is recorded and evaluated. The diffraction pattern for large angles can be seen only if the coherence length is long enough, i.e. the relative bandwidth is small enough. In a recent publication Miao et al. presented an estimation of the resolution for a CDI experiment as a function of the relative bandwidth[@b14] where O is the linear oversampling ratio, which should be a little larger than two in an experimental realization, a is the typical object size and Δλ/λ is the relative bandwidth of the illuminating light.

A closer inspection of [Equ. (1)](#m1){ref-type="disp-formula"} reveals a major limitation for the achievable resolution using HHG sources driven by ultrashort pulse lasers. For a high conversion efficiency the laser pulses must be of high intensity and the pulse duration must be as short as possible[@b15]. For typical Ti:sapphire laser systems the pulses are 30 fs or shorter, resulting in a rather large relative bandwidth. Consequently, the XUV light will also have a rather large relative bandwidth, which is typically on the order of Δλ/λ = 1/30. Using [Equ. (1)](#m1){ref-type="disp-formula"} the achievable resolution for a 3 micron large object can be estimated to be roughly 100 nm. Using longer driving pulses will lower the relative bandwidth, but at the same time reduces the conversion efficiency substantially. The lower photon flux will decrease the resolution by lowering the signal to noise ratio for a finite exposure time. Hence, the best ever reported relative spatial resolutions achieved with table-top CDI setups do not significantly reach below two wavelengths of the illuminating light[@b7][@b11][@b16].

To overcome this limitation we employ an XUV source based on a high repetition rate ytterbium-doped fiber CPA system operating at 1030 nm wavelength with subsequent nonlinear compression in a xenon gas filled hollow core fiber[@b17] ([Fig. 1](#f1){ref-type="fig"}, methods). Our system is more compact than typically used ultrafast solid-state lasers, but the XUV photon flux is comparable or even higher[@b18] due to the high repetition rate[@b19]. The fiber-based approach further ensures an excellent beam quality, which is essential for high NA imaging. Our setup also contains specially designed XUV multilayer mirrors for selecting a single narrow-bandwidth harmonic line and focusing the radiation onto the target to be imaged. To concentrate as much light as possible onto the target, we use two concave XUV mirrors, where the first collimates the generated XUV light and the second focusses the light onto the target. A narrow z-fold (α\<3°) assures small aberrations. It is worth to mention that this approach using two concave mirrors relaxes the need for a single highly focussing mirror, consequently requiring steeper z-fold angles, in order to concentrate the light onto the target[@b5] while the spectral selectivity is increased. The achieved focal spot size is roughly 5 µm (FWHM). The experimental setup along with a typical generated XUV spectrum featuring narrowband lines is depicted in [Fig. 1](#f1){ref-type="fig"}. The XUV mirrors select the 31^st^ harmonic of the IR laser leading to a monochromatic illumination with a relative bandwidth of Δλ/λ = 1/220 (λ = 33.2nm). See methods section for more experimental details. According to [Equ. (1)](#m1){ref-type="disp-formula"} the relative bandwidth allows for a resolution of Δr ≈ 26 nm, which is below the wavelength of the illuminating light.

For the high resolution imaging experiment we prepared a sample consisting of a 200 nm thick silicon nitride membrane covered with a 200 nm thick gold layer. With a focused ion beam we milled our institute\'s logo into the gold covered membrane forming a clear aperture with hard edges. A STEM image of the structure is depicted in [Fig. 2a](#f2){ref-type="fig"}. The XUV radiation diffracted from the sample is captured in transmission geometry with an XUV sensitive CCD camera positioned 10 mm downstream from the sample. From the distance and the size of the camera chip we obtain a NA of 0.8. To suppress the high intensity central speckle of the diffraction pattern a beamstop was placed between the sample and the detector. It is worth mentioning that the whole setup, including the vacuum vessels used for HHG and imaging, is very compact and fits easily on an optical table. The Abbe limit for this configuration is Δr = 20 nm. Hence, considering the NA and the achieved bandwidth, ultrafast XUV CDI is possible for the first time with a resolution below the illuminating wavelength.

Results
=======

The measured diffraction pattern for an exposure time of 150 s is shown in [Fig. 2b](#f2){ref-type="fig"}. It covers the whole detector, implying the effective NA is comparable to the theoretical one. Prior to retrieving the object, the recorded image must be corrected, because the diffraction pattern will be projected onto the Ewald sphere and not onto the flat CCD chip[@b16]. After careful preparation of the experimental data we have successfully retrieved the object ([Fig. 2c](#f2){ref-type="fig"}) using state-of-the-art phase retrieval techniques without any *a priori* knowledge except that the object is isolated, see methods section for details. The achieved spatial resolution is determined by analysing the phase retrieval transfer function (PRTF)[@b20]. Setting the threshold of the PRTF at 0.5 ([Fig. 2d](#f2){ref-type="fig"}), which proofed to compare well with the achievable resolution in an optical microscope[@b21], we obtain a half-period resolution of Δr = 26 nm. The strong drop of the PRTF at \|q\| ≈ 21 μm^−1^ is determined by the maximum observable momentum transfer, i.e. the measured intensity becomes too low, for an estimation of the PRTF. Nevertheless, up to \|q\| ≈ 19 μm^−1^ the observed speckles allow retrieving the phase reasonably well, justifying the claim of the quoted resolution. We are confident that determining the resolution by the PRTF as a general measure is more accurate considering possible soft edges generated in the fabrication process (see [SI (S.1)](#s1){ref-type="supplementary-material"} for additional line profile analysis and further discussion). Note that the achieved resolution is below the wavelength of the illuminating light and compares to 0.8λ. This measured value is in excellent agreement with the estimate considering the temporal coherence of the used light pulses. However, a few of the sub-50 nm details, e.g. the sparks in the right lower part of the structure, are not visible in the reconstruction. We attribute this to a slight tilt of the object with respect to the propagation direction of the light. Due to the large aspect ratio (\~30 nm width and 400 nm depth) already a slight tilt leads to obscuration of the light path, see [SI (S.2)](#s1){ref-type="supplementary-material"} for a reconstruction of a different data set from a previous experimental run recorded at lower photon flux and thus lower effective NA. There, some features are visible which are not visible in [Fig. 2c](#f2){ref-type="fig"} despite the overall resolution was lower. Hence, we are confident that the missing features can be attributed to the sample tilt.

For real world applications high spatial resolution is an essential feature, but equally important is the ability for real-time imaging, i.e. the exposure time should be in the order of one second or less without significantly reducing the resolution. Typical previously reported exposure times for reaching sub-100 nm resolution for compact HHG CDI setups range from 30 s (ref. [@b11]) to several ten minutes[@b10]. Here, we recorded the diffraction pattern of the same sample with an exposure time of one second, whilst all other settings remained the same. From the raw data ([Fig. 3a](#f3){ref-type="fig"}) we were able to reconstruct the image with good quality as shown in [Fig. 3b](#f3){ref-type="fig"}. Despite the very short exposure time the photon flux was still sufficient to resolve the main features of the object. From the calculated PRTF ([Fig. 3c](#f3){ref-type="fig"}) we have determined a half-period resolution of Δr = 65 nm, which is only two-times the wavelength of the illuminating light. With the present setup microscopic images with sub-100 nm resolution can be taken with a rate of one frame per second. Therefore, we were able to reduce the integration time for sub-100 nm resolution by one order of magnitude. We present reconstructions for different exposure times in the [SI (SI.3)](#s1){ref-type="supplementary-material"}. The bottle-neck for using this in an applied scheme is the phase retrieval process, which still takes minutes even on powerful computers. Nevertheless, there are applications where the diffraction pattern is directly assessed, e.g. the recently demonstrated CDI based cancer cell classification[@b22].

Discussion
==========

In conclusion, we demonstrated coherent diffractive imaging with sub-wavelength resolution by using a high repetition rate fibre laser based narrowband XUV source. The obtained resolution (Δr = 0.8λ) is the highest ever achieved resolution normalized to the wavelength for CDI regardless of the used source. Furthermore, this achievement demonstrates the high quality of the XUV beam and the unprecedented high degree of temporal coherence for a fiber laser driven HHG source. Moreover, the optical setup, including the laser, is much more compact than what is typically used for high resolution XUV CDI measurements and might soon allow implementing the presented technique even in portable setups. Furthermore, we demonstrated the capability of imaging sub-70 nm structures with an exposure time as short as one second, giving rise to a plethora of applications in real-time, time-resolved[@b23] and multi-dimensional imaging[@b24]. Recent improvements of the average power per harmonic in the XUV now exceeding 100 µW per harmonic in FCPA driven HHG sources due to upscaling strategies[@b18] or using several harmonic lines[@b25] would significantly lower the exposure time further, allowing to use the full reported resolution in a real-time scheme. Along with the availability of different wavelengths in the harmonic frequency comb and the availability of a temporally highly correlated infrared laser this might open new possibilities in material and surface studies with wavelength-selective scattering. Further downscaling in the used wavelength towards the water window[@b26] will allow the application in life science in the near future.

Methods
=======

Experimental Setup
------------------

The driving laser system consists of an ytterbium-doped fiber chirped pulse amplifier and subsequent compression in a xenon filled hollow core fiber, and is described elsewhere[@b17]. The 660 fs long pulses have an energy of about 350 µJ at a 200 kHz repetition rate. These pulses with an average power of 70 W are coupled into a hollow-core fiber with an inner diameter of 250 µm and a length of 1 m. The fiber is mounted on a water-cooled V-groove and is filled with xenon gas at about 1.5 bar of pressure. The pulses are spectrally broadened to an rms bandwidth of 40 nm and subsequently compressed to \~60 fs pulse duration with dielectric chirped mirrors. These temporally compressed 200 µJ pulses are focused into a krypton gas target that is supplied by a simple cylindrical nozzle having an opening of 250 µm. The intensity achieved in the focal spot is \>10^14^ W/cm^2^. The jet is positioned slightly behind the focal spot, which results in a low divergence beam and a narrow spectral bandwidth, both of which is beneficial for imaging experiments. In addition, we optimize the backing pressure (\~5 bar) and the opening of an iris placed in the collimated beam before the focusing optics in order to achieve the highest possible photon number in the 31^st^ harmonic at \~37.3 eV or 33.2 nm wavelength, which is later selected by the XUV mirrors. We estimate the generated average power in the 31^st^ harmonic to \~5 µW (8.4·10^11^ photons/s). A chicane made of two IR-antireflection coated fused silica plates operated under 82° angle of incidence helps to separate the pump and XUV radiation[@b27]. With additional aluminium filters (0.5 micron total thickness) we efficiently suppress parasitic remaining IR light which is also partially reflected by the subsequent XUV mirrors[@b28]. Further downstream a concave spherical multilayer mirror (f = 1 m) collimates a single harmonic line at 37.3 eV. The XUV beam is then focused onto the sample with a second concave XUV multilayer (f = 0.5 m) mirror. Both multilayer mirrors were produced with a dual ion beam sputtering system, described elsewhere[@b29], generating a sequence of forty silicon/boron carbide layers on a spherical superpolished (roughness below 1 angstrom) fused silica substrate. Using two mirrors centred at the same wavelength enhances the spectral selectivity of the system approximately by a factor of . While one mirror has a FWHM bandwidth of \~2.7 eV, the monochromatic characteristic can be increased to \~1.9 eV using a two mirror combination as spectral filter. A positive side-effect is the increased suppression (suppression factor \> 20) of odd neighbour gas harmonics being spaced by \~2.4 eV at 1030 nm driving wavelength. To minimize aberrations we use both mirrors in a z-fold close to a normal incidence angle of 3°. The overall reflectivity of the two multilayer Bragg mirrors is 4.6 percent for s-polarisation.

The diffraction pattern has been recorded with an XUV sensitive CCD camera (2048 × 2048 pixels, 13.5 × 13.5 µm pixel size). The XUV focal spot has an FWHM diameter of less than 5 µm, measured by scanning a 2 µm aperture across the beam profile in the focal plane. The few micron focal spot size is ideally suited to image single biologic specimen such as, e.g., breast cells with nanometer resolution while preserving a sufficiently large field-of-view[@b22].

Image reconstruction
--------------------

For the phase retrieval we employed a guided version[@b30] of the RAAR algorithm[@b31] (β−parameter varied between 0.8 and 0.7) without any *a priori* knowledge of the sample except that it is an isolated object. The shrink-wrap method[@b32] was applied each 100 iterations to dynamically update the support, while an initial support was generated from the autocorrelation of the measured diffraction pattern with using locator sets for refinement[@b33]. The amplitude threshold used for shrinkwrap was set low and the applied Gaussian blurring was ramped from 10 to 1 pixel radius within 2000 iterations to allow slow shrinking of the support in order to avoid degradation of the fine features of the object. We started with ten independent reconstructions, enforcing positivity on each and iterated for 2000 steps. Then all reconstructions were averaged with the best of the reconstructions judged by the error metric[@b34] for repeating the whole procedure until all reconstructions reached a stable solution. After 8 generations the individuals converged to a common solution. Pixels where no amplitude was measured (black pixels in [Fig. 2b](#f2){ref-type="fig"}) were allowed to evolve freely in amplitude and phase[@b32]. For the pixels outside a circle representing \~21 µm^−1^, i.e. the very high diffraction angles, where no regular speckles were measured, additionally an amplitude threshold corresponding to the amplitude of the weakest measured speckles was enforced.
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![The experimental setup for high resolution XUV imaging at high average power: (a), The pulses of a fiber based CPA (FCPA) system are spectrally broadened in a xenon filled hollow-core fiber and subsequently compressed with dielectric chirped mirrors (DCM). HHG is driven with 40 W of average power into a gas nozzle backed with 5 bar krypton. Two fused silica plates with antireflection coating for the IR are mainly reflecting the XUV light. Spectral selection of the 31^st^ harmonic at 33.2 nm is done by a pair of aluminium filters followed by two curved XUV multilayer mirrors. The curved mirrors refocus the light tightly onto the sample. The diffracted light is captured by an XUV-sensitive CCD (CAM1). A beamstop (BS) suppresses the strong central speckle. (b) Measured XUV beam profile 20 mm behind the rear focus reveals good spatial beam properties. (c) The XUV multilayer mirrors, which are hit under almost normal incidence to minimize aberrations, have an overall reflectivity of 4.6% (solid black line) for the selected single harmonic line (dotted blue line).](srep07356-f1){#f1}

![XUV diffraction pattern and reconstruction at 0.8λ resolution for 150 s exposure time: (a), STEM image of the sample consisting of a 200 nm gold layer on a 200 nm thick silicon nitride membrane. (b), Measured raw diffraction pattern for an exposure time of 150 s and 33.2 nm wavelength. The pixels which are overexposed or obscured by the beamstop are set to zero. (c), The reconstructed object space shows the non-periodic complex-shaped object. In this panel the phase and amplitude of the complex-valued object space is encoded in the hue and brightness, respectively. Only the sub-wavelength features (sparks on the right lower part in a and details in "Jena") are missing as explained in the text (d), The analysis of the PRTF suggests a resolution of 26 nm corresponding to 0.8λ. The scale bars in a and c are one micron.](srep07356-f2){#f2}

![Real-time XUV imaging at sub-70 nm spatial resolution: (a), Measured raw diffraction pattern using 1 s exposure time and 33.2 nm wavelength. The beamstop was removed for this measurement. The photon flux was sufficient to take full advantage of the dynamic range of the CCD. (b), Reconstructed object space (complex-value representation as in [Fig. 2c](#f2){ref-type="fig"}) showing the main features of the nanostructured aperture. The scale bar is one micron. (c) The achieved spatial resolution according to the PRTF is Δr = 65 nm, which corresponds to roughly two wavelengths of the illuminating light.](srep07356-f3){#f3}
